Abstract. Atmospheric gravity waves (GWs) are an important coupling mechanism in the middle atmosphere. For instance, they provide a large part of the driving of long-period atmospheric oscillations such as the quasi-biennial oscillation (QBO) and the semiannual oscillation (SAO) and are in turn modulated. They also induce the wind reversal in the mesospherelower thermosphere region (MLT) and the residual mean circulation at these altitudes. In this study, the variations of monthly zonal mean gravity wave square temperature amplitudes (GWSTA) and, for a first time, absolute gravity wave momentum and, finally, the modulation of the GW spectrum by the winds at a considered altitude and latitude. The strongest component is the annual variation, dominated on the summer hemisphere by subtropical convective sources, and on the winter hemisphere by polar vortex dynamics. At heights of the wind reversal also a 180
Introduction
Gravity waves (GWs) are oscillations in the atmosphere that result from a disturbance in the general atmospheric flow and are balanced by an interplay of gravity and buoyancy. Their most prominent sources are orography, convection, fronts and to sources by spatial correlations is adequate . All this makes the validation of models with observations extremely important but also challenging.
A comparison between GWMF in observations and climate models has been carried out by Geller et al. (2013) . Distributions of GWMF from two high-resolution GCMs explicitly resolving GWs and three GCMs employing GW parametrizations are compared to three different satellite data sets and observations by super-pressure balloons. The study considers distributions 5 for both northern and southern winter and northern and southern summer. This gives a first valuable overview of global GW distributions, but only provides little hints to the active source processes and GW phase speeds. Though the comparison by Geller et al. (2013) shows good agreement in relative distributions of spatial patterns among the models and the observations, they are inconsistent in details. For example, at summer high-latitudes most models have larger GWMF than indicated by the observations. In addition, the satellite-derived GWMF has stronger vertical gradients than the model fluxes, and the high-10 resolution models are resolving the momentum fluxes of important orographic GW sources not well. Still many of these points remain inconclusive because of the large errors associated with the GWMF observation (Ern et al., 2004 (Ern et al., , 2018 . Temporal variations are more sensitive to influences of source and interaction processes and thus can provide more detailed constraints for global models. It has been shown, by Preusse et al. (2009) for instance, that considering the seasonal cycle may give valuable hints on sources as well as on phase speed distributions.
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There are a number of previous studies revealing variations of different periods from long-term GW observations. Some of the most relevant are discussed in the following paragraph. For instance, GW activity exhibits a prominent annual cycle over mid-latitudes in the stratosphere (Li et al., 2010; John and Kumar, 2012) , and a semiannual signal is found in the mesosphere, which is caused by the seasonal change of mesospheric winds (Yang et al., 2010) . From the upper troposphere to the lower stratosphere in the tropics, GWs exhibit variations related to the QBO (Vincent and Alexander, 2000; John and Kumar, 2012; 20 Ern et al., 2014) , while a semiannual oscillation is found in the tropical stratosphere (Zhang et al., 2012) , stratopause region (Ern et al., 2015) , and the mesosphere (Antonita et al., 2008) . In addition, Krebsbach and Preusse (2007) reported on a fourmonthly (terannual) variation of GWs, and Shuai et al. (2014) showed that it appears at mid-latitudes between 85 and 115 km.
Recently, some studies have inferred the 11-year solar cycle of GW activity in the tropics from observations (Ern et al., 2011; Li et al., 2016; Liu et al., 2017) . Ern et al. (2011) and Liu et al. (2017) showed that there is an anti-correlation between the 10.7 25 cm solar flux and GW amplitudes respectively GW potential energy. Li et al. (2016) further found indication that this variation of GW activity may be linked to variations in convective activity. Long-term observations of GW variances and GWMF are available from a number of ground-based observations (e.g. Tsuda et al., 1990; Espy et al., 2004; Hoffmann et al., 2010) , but from these it is difficult to compare the intensity of inter-annual and intra-annual variability at different latitudes. However, a full global picture of the temporal spectrum of GW variations is still missing. This is in particular the case for GWMF, though 30 it is a parameter that is directly linked to the potential of GWs to drive the global circulation. The global picture gained from satellite observations facilitates understanding of the physical mechanisms that couple different altitudes and latitudes.
Based on 13 years of data from the Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) instrument, we focus on analyzing temporal variations of square-root zonal average GW square temperature amplitudes (GWSTA) and GWMF variations in the latitude range from 50
• S to 50
• N continuously covered by SABER. Four different frequencies, 35 corresponding to terannual up to quasi-biennial periods, will be investigated. The variations will be interpreted in terms of different source mechanisms and propagation pathways. In addition, we utilize the length of the data set to look for decadal variation features. Eventually, we will show that the distributions can be consistently extended also to latitudes of 80 • on both hemispheres using sinusoidal fits, which allows to disregard the gaps in the temporal coverage caused by SABER yaw maneuvers.
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The remainder of this paper is organized as follows. The data of GWSTA and absolute GWMF that are obtained from SABER temperature observations, as well as a data set based on combining European Centre for Medium-range Weather
Forecasts (ECMWF) analysis data with GROGRAT ray-tracing are described in Sect. 2. In Sect. 2 also the used spectral analysis methods is introduced. In Sect. 3, annual, semiannual, terannual and quasi-biennial variations of GWSTA and absolute GWMF in the latitude range of 50 • S to 50
• N and altitude range from 30 to 90 km are analyzed in detail. The 11-year solar 10 cycle is evaluated using average GWSTA and GWMF over the latitude range of 25 • S to 25
• N. In Sect. 4, an extension of the analysis towards high-latitudes is presented. A systematic summary and conclusions are given in Sect. 5.
Data and methods

GWSTA and GWMF data from the SABER instrument
Our study is based on temperature data observed by the infrared limb sounding instrument SABER which was launched Details about the temperature retrieval are given in Remsberg et al. (2008) . SABER observes the atmosphere in limb geometry and has a 2 km vertical field of view. This makes the instrument sensitive to atmospheric GWs with horizontal wavelength 20 longer than ∼100 km and vertical wavelengths longer than ∼4 km (Preusse et al., 2002) .
In this study, data from February 2002 to January 2015 are used. This continuous 13-year data set allows for studying the systematic intra-annual, annual, and inter-annual structures of the global distribution of GWs. A detailed description of the GWSTA and absolute GWMF data used in this study is given by Ern et al. (2011) and Ern et al. (2018) . We summarize briefly how the monthly mean zonal averages are calculated in the following paragraph.
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In order to obtain altitude profiles of temperature fluctuations that can be attributed to small-scale GWs, the atmospheric background temperature consisting of zonal average and large-scale waves (i.e. planetary waves and tides) is subtracted from each altitude profile of SABER temperatures; for details see Ern et al. (2011) and Ern et al. (2013) . It should be noted that this background estimate is also capable to remove large scale inertial instabilities. In this way biases are avoided that can strongly affect GW estimates obtained from a merely vertical profile analysis (Rapp et al., 2018) . In a next step, we derive for each 30 altitude profile of SABER temperature fluctuations, GW temperature amplitudes, vertical wavelengths and phases for sliding vertical windows of 10 km vertical extent (Preusse et al., 2002) . Based on the method of Ern et al. (2004 Ern et al. ( , 2011 , absolute GWMF is derived from vertical phase differences for those consecutive pairs of altitude profiles in the SABER measurement track that have short enough along-track distances (shorter than ∼300 km) and that at the same time agree in their GW vertical wavelengths (differences should not exceed 40%). Using these criteria, at good likelihood the same GW is observed in both altitude profiles of a pair. In addition, undersampling of the horizontal wave structure of the observed GWs is minimized. Still, errors of absolute GWMF are at least a factor of two (Ern et al., 2004) .
The calculation of monthly zonal average GWSTA and absolute GWMF is carried out as follows: First, global distributions 5 of monthly averaged GWSTA and GWMF are calculated on a regular grid in longitude and latitude for a set of given altitudes.
The grid resolution is 10
• in longitude and 5
• in latitude. In order to avoid biases through inhomogeneous sampling we base our zonal means on global maps. To obtain values at each grid point, the data are averaged in grid boxes of 30
• longitude times 20
• latitude centered at each grid point (the grid boxes are overlapping in both longitude and latitude direction). Finally, to obtain zonal averages, the gridded data is averaged along the longitude direction. The effective latitude resolution of the 10 resulting zonal averages is 20
• , corresponding to the latitude extent of the grid boxes used. The data set is available at https: //doi.org/10.1594/PANGAEA.879658, and a full description of this data set is given in Ern et al. (2018) . This reference data set comprises the years 2002-2015 and we base our analysis on this period.
In summary, the monthly mean values entering the time series analysis for GWSTA are calculated as follows:
15 where denotes the average as described above,T is the temperature amplitude. The values for GWMF are calculated according tō
withρ the background density,T the background temperature, g gravity acceleration and N the buoyancy frequency. Also, the horizontal wavenumber k h and the vertical wavenumber m enter the momentum flux. The background atmosphere, and 20 in particularρ andT , vary with season. Compared to GWSTA this induces additional variations into GWMF and hence can modify the altitude-latitude pattern of amplitudes and phases of temporal variations such as annual and semiannual variation.
Zonal and absolute GWMF from a combination of ECMWF analysis data and GROGRAT simulations
The European Centre for Medium Range Weather Forecast (ECMWF) provides analysis fields from their Integrated Forecast System (IFS) run in operational numerical weather prediction. These global atmospheric data have high spatial resolution 25 and allow to infer information about GWs including GWMF and propagation direction of the waves. We use data from the years 2014 and 2015 to investigate how the loss of direction information when calculating GWMF and GWSTA influences the attribution of the variations to semiannual and annual signal. In these years, the ECMWF IFS ran with resolution settings (T1279, N640) corresponding to a horizontal grid resolution of approx. 16 km. Using the method of Skamarock (2004) , Preusse et al. (2014) showed that the shortest horizontal wavelengths resolved adequately with this resolution are of the order of 200 km. This scale is of similar magnitude as the shortest scales visible in limb sounding observations (Preusse et al., 2002) .
Furthermore, several studies have shown that GWs resolved by the ECMWF IFS match observations in the lower stratosphere well (e.g. Schroeder et al., 2009; Shutts and Vosper, 2011; Plougonven et al., 2013) . At higher altitudes, the vertical resolution 5 decreases and a sponge layer is employed. Accordingly, GW amplitudes and GW momentum flux spuriously decrease above 40 km. In order to understand GWs in the entire altitude range of the stratosphere and mesosphere, we analyze GWs in the ECMWF IFS temperature data at 25 km and propagate these waves upward with the Gravity wave Regional Or Global RAy
Tracer (GROGRAT). Thus using GROGRAT, we can reconstruct a consistent picture of GW variance and momentum flux from 25 km to the mesopause. In the following, we briefly describe the wave analysis technique, the ray-tracer, the construction of 10 the background atmosphere and the evaluation of the generated ray paths.
Wave analysis technique
In order to analyze the ECMWF IFS data with respect to GWs, we use the small-volume three-dimensional sinusoidal fit technique, called S3D, described in Lehmann et al. (2012) . The data set is partitioned into non-overlapping cuboids of 1.8
• latitude × 1.8
• longitude × 10 km altitude with a center altitude of 25 km. In these cuboids, the three-dimensional wave vector,
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amplitude and phase of the sinusoid describing most of the variance are determined using a least-square fit. By these parameters the fitted wave is fully characterized and rays can be launched from the center point of the respective cuboid Krisch et al., 2017) .
Ray-tracing with GROGRAT
The employed ray-tracer GROGRAT (Marks and Eckermann, 1995) is based on the WKB assumption and derives the group 20 velocity of a GW from the GW dispersion relation. This allows to estimate the location of a GW packet after a time step according to the ray-tracing equations (Lighthill, 1978; Marks and Eckermann, 1995) . The new location is associated with a different background state in terms of different winds and buoyancy frequency. This induces changes of the wave vector.
Together, location vector and wave vector form the state vector of the GW packet which is projected in time using a fourthorder Runge-Kutta scheme. The GW amplitude and momentum flux are calculated based on the conservation of wave action 25 flux along the ray. GROGRAT takes GW saturation due to static and dynamic instability into account as well as GW damping due to radiative and turbulent dissipation.
The background atmosphere is defined by the large-scale horizontal wind and buoyancy frequency fields, which the raytracer uses to calculate the GW propagation. In order to construct an appropriate background atmosphere, we use a combination of ECMWF IFS data up to 45 km and temperature observations as well as geostrophic wind fields from SABER above 35 km.
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A smooth transition between the two fields is applied for the altitude range from 35 km to 45 km altitude. In addition, a profilewise bias correction based on the respective average values of the two fields in this altitude range is applied to the SABER temperatures. In this way, large temperature gradients and enhanced or reduced values of the buoyancy frequency are avoided.
The SABER geostrophic winds reach up to ∼100 km and contain the zonal mean and planetary wave structures. Tides are not explicitly taken into account. The latitude coverage changes with yaw maneuver and is the same as for the GWMF data.
Absolute and zonal GWMF from ray-traces
The ray-tracer is run based on daily ECMWF data for 12 UTC for the years 2014 and 2015. The individual ray-traces are interpolated to fixed altitudes between 25 km and 90 km in 5 km steps. Data are then binned into 3.6
• latitude bins, the extent 5 of two S3D cuboids. In order to determine the average GWMF at one altitude level, we normalize the calculated GWMF with the number of propagating rays at the launch altitude. In this way, total GWMF of all ray-traces decreases with altitude due to dissipation and critical level filtering of the individual GWs. In some regions, rays may converge due to lateral propagation, in which case GWMF for this particular region also can increase. For comparison with the SABER data, monthly mean zonal averages of GWSTA and GWMF are generated. 
Spectral analysis methods
We perform spectral analysis to identify the dominant temporal variations of GW activity. Monthly zonal means of GWSTA and absolute GWMF are calculated and then combined into a time series covering the 13 years considered. For better comparison with Krebsbach and Preusse (2007) we take the square-root of GWSTA for further analysis. The time series are analyzed using Fast Fourier Transform (FFT). For a cross check on the main frequencies identified with the FFT, Maximum Entropy Method
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(MEM) (Press et al., 2007) spectra are calculated in addition.
As an example, the results of FFT and MEM applied on absolute GWMF from the SABER data set are presented in Fig. 1 . Figure 1a shows the spectral amplitudes of the FFT performed for 45
• N and 50 km, Fig. 1b shows all FFT spectra in the latitude band from 50 • S to 50
• N for 30 km altitude, and Fig. 1c gives the corresponding MEM power spectral density results.
The FFT spectrum in Fig. 1a exhibits major frequencies at 2.167 years, 1.0 year and the harmonics of 0.5 and 0.333 years.
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In order to highlight significant spectral components, the dashed line indicates 1.3 times the average spectral amplitude. This value is motivated as follows: If the spectrum would consist only of Gaussian white noise, 95 % of all spectral amplitudes would be below this value. This can be confirmed with a Monte Carlo experiment. If real spectral information is contained, this is a conservative estimate for a white noise floor. However, if there are variations longer than the largest period resolved, this will introduce a low-frequency background. The dashed line hence gives an orientation about which periods are likely to 25 be significant. Further corroboration for dominant periods can be taken from the occurrence of the same periods in statistically independent regions of the atmosphere.
In addition to the above-mentioned four major frequencies there are two peaks at around 6-7 years and 13 years. Due to the length of the time series of 13 years (156 months dataset), these are the two lowest frequencies (longest periods) which potentially could be resolved by FFT. These lowest frequencies are more likely to be influenced by leakage and aliasing.
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Therefore, we focus on the periods of 2.167, 1.0, 0.5 and 0.333 years, which are contained for several cycles and hence well constrained by our data. Potential explanations for the longer periods are ENSO which is an interannual oscillation of 2-7 years and the 11-year solar cycle.
The latitude-period cross section in Fig. 1b over a wide range of latitudes. In addition, there is a quasi-biennial maximum at the equator. The 0.333 year period is most pronounced in the extra-tropics.
As an independent test, the same distribution but generated using the MEM analysis is shown in Fig. 1c . The prominent features from the FFT spectrum are reproduced by this spectral method.
In addition to the methods presented here, we use sinusoidal fits of the main spectral periods identified with FFT and MEM.
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This allows to extent the latitude coverage. The results of the sinusoidal fits are validated by comparison to FFT in the latitude range 50
• N where both methods can be applied (see also Sect. 4).
Morphology of GWSTA and absolute GWMF variations on different time scales
In this section, we focus on the spatial distribution of the dominant spectral periods of 0.333, 0.5, 1.0 and 2.167 years identified in Fig. 1 , which correspond to terannual, semiannual, annual, and quasi-biennial variations. In the following, we will discuss we start the colorbar in April. In the case of the annual variation for instance, we thus avoid a jump from red to blue between December and January (maximum for NH winter). In this case, red colors indicate that the phase of the maximum is around
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July, while blue and green indicate that the phase of the maximum is around January. However, the range of the colorbar changes according to the investigated period, such that the same colors point to the same relative phase of that period, not necessarily the same month or season. In particular, the same color may mean two (semiannual) or three (terannual) different months indicating the same phase.
Annual variation (AV)
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The annual variation is shown in Fig. 2 . Spectral amplitudes of GWSTA exhibit a general increase with altitude and form at most latitudes a local maximum around 65 km. Considering the latitudinal dependence of the spectral amplitude of GWSTA (Fig. 2a) for a given altitude below ∼70 km, we find four maxima: two stronger maxima at high latitudes and two weaker maxima at subtropical latitudes. The high-latitude maximum values are larger in magnitude in the Southern Hemisphere than in the Northern Hemisphere. The corresponding phases ( Fig. 2b ) of these two regions indicate that the maximum occurs in winter of the respective hemisphere, i.e., around June in the Southern Hemisphere and around December in the Northern
Hemisphere. This phenomenon is consistent with the recent studies on SABER GW distributions (e.g., Liu et al., 2017) and 5 observations from different instruments (e.g., Alexander et al., 2008; Ern et al., 2011) . Enhancements of GWSTA amplitudes at latitudes poleward of 40
• are correlated with high westerly wind speeds that are associated with the winter polar vortices (cf.
also Preusse et al. (2004) ). A likely reason for this correlation is that the strong background winds provide good propagation conditions and allow for high saturation amplitudes of upward propagating GWs (Preusse et al., 2006) .
The secondary, much weaker local maximum that is found in the subtropics has maximum GWSTA values in summer of the 10 respective hemisphere, i.e., December in the Southern Hemisphere and July in the Northern Hemisphere. This maximum of GWSTA is likely related to convective GWs excited in the subtropics (e.g., Trinh et al., 2016) .
Different from GWSTA, the spectral amplitude maxima of absolute GWMF ( Fig. 2c ) occur at lower altitudes and gradually decrease with altitude. The reason for this decrease is likely that GW dissipation takes place in the whole altitude range while GWs propagate upward. For each hemisphere, the latitudinal structure displays two similarly strong local maxima of the AV 15 spectral amplitudes of GWMF, one peak at higher latitudes and a second peak in the subtropics. These are clearly visible at altitudes of 30 to 70 km. Together with the associated phase information, this suggests that the annual variations are related to the source of the GWs as well as to the background winds, which is in agreement with the results for GWSTA that were discussed before. At high-latitudes, the maximum in the Southern Hemisphere has larger values in GW momentum flux than the maximum in the Northern Hemisphere. The corresponding phase at southern high-latitudes continuously descends from
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May in the mesosphere (about 70 km) to August in the lower stratosphere. Different from this, the phase at northern highlatitudes has no strong altitude dependence below 70 km and is about constant around December (Fig. 2d ). Because GW activity at high-latitudes is usually related to the winter polar vortex, a likely reason for the observed difference between Northern Hemisphere and Southern Hemisphere are structural differences of the winter polar vortex. The southern polar vortex is larger, stronger and more durable than the northern polar vortex. Further, the breakdown of the southern polar vortex happens 25 gradually from high to low altitudes. This will gradually shift the amplitude maximum in the Southern Hemisphere to later in the year at lower altitudes. The exception from this is the split-event of the southern polar vortex in 2002. We have tested our analysis (not shown) and find only a very minor impact on our results. Different from this continuous descent of the phase of the southern polar vortex, the breakdown of the northern polar vortex happens quite rapidly, which is related to the stronger activity of planetary waves in the Northern Hemisphere. Breaking of planetary waves can quite rapidly decelerate the polar 30 vortex and lead to stratospheric warmings. A rapid breakdown of the polar vortex and the corresponding reduced wind speeds will lead to strong and sudden drops in GW activity over a large altitude range (e.g., Ern et al., 2016) . Stratospheric warmings almost never occur in the southern hemisphere. Consequently, a slow phase shift of the altitude maximum in GWSTA and absolute GWMF would be expected for the Southern Hemisphere but not for the Northern Hemisphere, which is in agreement with Fig. 2b and 2d.
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In the subtropics, the area of enhanced amplitudes of absolute GWMF in each hemisphere spreads from the equator to 30
• S with descending phase (November to January) and to 30
• N with a quasi constant phase (June), respectively. As mentioned before, these maxima in the subtropical summer hemisphere are related to convectively excited GWs.
One important feature in Fig. 2c is that the amplitude peak of absolute GWMF in the subtropical summer hemisphere obliquely shifts poleward at increasing altitude up to the mesopause. This shift feature is in agreement with previous observa-5 tional results by Ern et al. (2011) , who found that GWs propagated poleward by about 15
• between 30 and 70 km in January and July.
During the latitude shift, the longitudinal structure of GW activity is maintained (Ern et al., 2013) . Also our phase results shown in Fig. 2d are consistent with these findings. In the regions from 30
• to 50
• in both hemispheres above 70 km the phase of the maximum spectral amplitude of GWSTA and absolute GWMF is not in winter as for lower altitudes, but in summer.
10
That is, in the Southern Hemisphere, the phase of the upper-mesosphere maximum corresponds to November, and the phase gradually descends towards January in the subtropical stratosphere. In the Northern Hemisphere, the phase corresponds to a maximum in June in the upper mesosphere and descends towards July in the stratosphere. This means that the maximum GW activity at latitudes between 30
• and 50
• occurs above 70 km in the same season as the maximum of GW activity in the subtropical stratosphere. These features lead to a phase jump at latitudes between 30
• for both hemispheres around 15 70 km: the peak-time of the annual variation of GWSTA and absolute GWMF is during the winter months below 70 km and changes to summer months above 70 km. This is consistent with the results of Liu et al. (2017), who found the same characteristics for the annual peak-time of GW potential energy based on a 14-year SABER data set. The poleward shift of upward propagating GWs suggests that GWs generated by convection likely contribute to the poleward tilt of the summertime mesospheric jets and the wind reversal in the summer upper mesosphere at mid-to high-latitudes.
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However, comparing the details of Figs. 2b and 2d, we find a difference between GWSTA and absolute GWMF in the altitude of the phase reversal. In absolute GWMF, the phase jump occurs at about 70 km in both hemispheres, while in GWSTA it occurs around 80 km, i.e., there is a difference of 10 km. One possible reason for this effect could be the variation of background density. It is known that for a fixed altitude there is a seasonal variation in density. There is higher pressure at the pole during summer and lower pressure during winter. In our study we use the parameter absolute GWMF in units of Pa, 25 which includes the background density. As a cross check, we tested the parameter absolute GWMF in units of m 2 s 2 , which does not contain the background density. The results show that the effect of background density explains about 50% of the altitude difference (∼5 km) between the phase shift in GWSTA and absolute GWMF.
Semiannual variation (SAV)
In this section we will consider the distribution of semiannual variations (SAV) of spectral amplitudes of GWSTA and absolute 30 GW momentum flux. We intentionally do not use the term semiannual oscillation (SAO), since this is conventionally used for the wave-driven oscillation in the tropical mesosphere. Whether and where the SAV patterns analyzed here are connected with the SAO will be discussed.
The most prominent feature of the SAV in GWSTA (see Fig. 3 , upper row) are two areas of enhanced spectral amplitudes with a strong poleward tilt. They extend from about 20
• latitude at 60 km altitude to 50
• latitude at 90 km altitude for the respective hemisphere. This variation is stronger in the Southern Hemisphere than in the Northern Hemisphere, similar to the annual variation.
Together these two maxima form a crescent-shaped region of enhanced amplitudes, decreasing in magnitude towards the 5 equator. The distribution and shape of the SAV spectral amplitudes for GWSTA is consistent with previous findings by Krebsbach and Preusse (2007) , who used a 4-year SABER data set. In almost all regions, except for the tropical mesopause, the phases correspond to the maximum GWSTA taking place in June/July or December/January. Considering SAV and AV patterns together, this means that there is a semiannual variation with a larger peak in the summer months and another peak in the winter months.
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For the SAV of absolute GWMF, the subtropical maxima (Fig. 3c ) shift polewards at higher altitudes, similar as observed for the annual variation. The phase distributions (Fig. 3d ) are similar to those of GWSTA.
Combining all this information suggests that the crescent-shape of enhanced GWSTA spectral amplitudes for the SAV is caused mainly by convective GWs from the subtropical summer hemisphere that propagate upwards and obliquely to higher latitudes in summer in combination with GWs related to the polar vortex in winter, thus forming two maxima per year. Where these two maxima overlap they result in an SAV. This is why the SAV appears at mid-to high-latitudes (30 
Is the semiannual actually an annual variation?
However, it is known that GWs preferentially propagate eastward in summer (against the easterly background winds) and 20 westward in winter (against the westerly background winds) (e.g., Ern et al., 2017) . Theoretically, this should cause an annual rather than a semiannual variation for GW momentum flux if we could take the propagation direction into account. Hence, the apparent SAV of absolute momentum flux at mid-to high-latitudes in the mesosphere can be expected to be an annual variation if the direction of GWMF is considered. We further investigate this hypothesis by performing spectral analysis on zonal GWMF and absolute GWMF based on GROGRAT model simulations (setup as described in Sect. 2). The result is illustrated in Fig. 4 .
25 Figure 4a and 4d shows the semiannual and annual spectral amplitude of absolute GWMF from GROGRAT, respectively.
Similarly, Fig. 4b and 4e show the semiannual and annual spectral amplitudes of the zonal component of GWMF, which can be either eastward/positive or westward/negative depending on the preferential propagation direction. In addition, Fig. 4c and 4f show the difference between spectral amplitudes of absolute GWMF and zonal GWMF for the annual and semiannual variations, respectively. There is a qualitative likeness of the structures in Fig. 4a with Fig. 3c especially above 60 km and In order to understand the results, let us first perform a thought experiment with different idealized seasonal cycles. At first assume an AV of a pure sinusoid with equally large positive and negative zonal GW momentum flux values. In the spectral analysis this would result in an AV only. The seasonal cycle formed by the absolute values has two positive maxima. In the spectral analysis this would result in a SAV and its harmonics, but not in the AV. Now assume a single positive maximum.
This would result in a strong AV and decreasing signals for the harmonics, depending on the shape of the peak. This will be 
Relationship between SAV and the SAO
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There is one spectral amplitude maximum of both GWSTA and absolute GWMF which likely is connected to the SAO. This is a feature of high spectral amplitudes centered in the tropical (10
region between 70 and 80 km altitude. The associated phase of the maximum GW activity is August/September (respectively February/March), which is about one to two months delayed relative to the stratosphere at these latitudes.
Two effects may be responsible for the amplitude enhancement in the mesosphere: First, selective filtering of convective
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GWs by the SAO in the tropical stratosphere and stratopause region (e.g., Ern et al., 2015) contribute to the forcing of the strong SAO of zonal winds in the mesosphere (Smith, 2012) . In return, modulation of GWs by the SAO in zonal winds in the tropical mesosphere result in a SAV of GW activity (Hirota, 1978; Burrage et al., 1996) . Thus, the SAV of GW activity in the mesosphere may be coupled with the variation and filtering of GWs in the stratosphere and stratopause region.
Terannual variation (TAV)
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Next to the periods already discussed, Fig. 1 shows a 4 months variation strongly enhanced above the background periods, that has a prominent peak at mid-to high-latitudes. This variation has not been reported often before. Krebsbach and Preusse (2007) noted that a significant peak of four month period existed in the spectrum of their 4-year SABER data set without discussing this feature in detail. Shuai et al. (2014) used a 9-year SABER data set to show that GW activity exhibits a four-monthly variation at about 100 km altitude in the latitude range 40
• .
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The terannual variation in GWSTA mainly appears at mid-to high-latitudes in both hemispheres from the upper stratosphere to the mesosphere with a peak around 70 km altitude (Fig. 5a ). The associated phase indicates a maximum of GWSTA in the first of the four months period (i.e. May/September/January) in the Southern Hemisphere and in the third of the four months period (i.e. July/November/March) in the Northern hemisphere (Fig. 5b) , and hence is compatible with a maximum in midsummer, i.e. January and July, respectively. In absolute GWMF, the feature of a poleward shift at higher altitudes, which has already been discussed for the distribution of the annual and semiannual variations, is even more prominent for the terannual variation (Fig. 5c ). The associated phases are the same as for GWSTA.
In order to understand the cause of the terannual variation, the time series of monthly zonal mean absolute GWMF from 5 SABER data at 30 km altitude and at 20
• respectively for the southern and northern hemisphere are shown in Fig. 6 . We now introduce the annual average of absolute GWMF as a threshold for each year (blue lines). The values that exceed this threshold can be considered to represent an "active period" of GW activity in the subtropics. Accordingly, values below this average represent a relatively "calm period". We can see that the "active period" lasts for 4 months each year. In the Northern
Hemisphere, the active period spans from June to September and in the Southern Hemisphere from December to March. This 10 corresponds to a high occurrence rate of tropical convective systems, such as tropical cyclones and convection related to the summer monsoon. Spectral decomposition of such a combination of 4 months active and 8 months calm period results first in an AV component, but with much stronger amplitudes of the harmonics and in particular for a terannual variation than would result from a broader maximum. Therefore, the terannual variation of GWSTA and absolute GWMF is likely related to the duration of "active" convection in the tropics.
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It should be noted that the terannual variation of GWSTA and absolute GWMF in the Northern Hemisphere is slightly stronger than in the Southern Hemisphere, which is different from the semiannual and annual variations. This implies that subtropical convection is a likely factor here, since GWs forced by convection in the subtropics are more active in the Northern
Hemisphere due to the particular strength of the Asian monsoon.
In summary, this confirms that subtropical summer hemisphere GWs related to convection are involved, and the structures 20 show that they propagate obliquely to higher latitudes while propagating upwards.
Quasi-biennial Oscillation (QBO)
The spectral amplitudes of GWSTA and absolute GWMF for the quasi-biennial variation are usually weaker than those of annual, semiannual and terannual variations, still, they exhibit important features. These features can be summarized by the following three points:
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Firstly, there are enhanced amplitudes related to the well-known QBO of the zonal winds in the equatorial stratosphere. This enhancement is found in the latitude band between 10 • S and 20
• N and in the altitude range of 30 to 45 km, as indicated by significant spectral amplitudes of GWSTA (see Fig. 7a ). According to the dominant QBO period, we use 26 months for the phase display of the QBO. That means the phase shifts roughly one month per calendar year with respect to e.g. January; in other words, the fixed month allocation of phases we can use for the other periods does not work for QBO and the month-index (2014)). This enhancement of spectral amplitudes, which is not obvious in the annual, semiannual or terannual variations, suggests an effect of the equatorial QBO winds on gravity wave activity. Also for absolute GWMF enhanced spectral amplitudes are found in the tropical stratosphere. However, amplitudes are significant only between 30 and 40 km altitude (Fig. 7c) .
Secondly, enhanced spectral amplitudes of the QBO in GWSTA and absolute GWMF can also be found near 50
• latitude in both hemispheres in the stratosphere (see the regions marked as significant in Fig. 7 ). The strongest GW activity (maximum GWSTA and GWMF) there is associated to the winter polar vortex and GWMF in summer is orders of magnitudes smaller.
5
The signal of the quasi-biennial variation at these latitudes hence can only be carried by the modulation of the winter peak.
Hence, this quasi-biennial variation of GWs is likely connected to the winter polar vortex (Baldwin et al., 2001 ) and partly with Sudden Stratospheric Warming events that frequently happen in Northern Hemisphere winters (e.g., Wang and Alexander, 2009; Wright et al., 2010; Ern et al., 2016) .
Thirdly, there is a strong maximum of GWSTA and absolute GWMF spectral amplitudes around the equatorial mesopause
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(70 to 85 km). For clarification, we hereafter call the QBO of GWs in the stratosphere "SQBO", and the QBO of GWs in the mesopause region "MQBO". In the equatorial mesosphere, the associated phases of maximum GWSTA and absolute GWMF are around month 22/23 (blue color in Fig. 7b ) and month 24/25 (light blue color in Fig. 7d ), respectively, which lags about one year behind the respective SQBO phases. This implies that the MQBO may be coupling with the SQBO. de Wit et al. (2013) used zonal-wind measurements located at Ascension Island (8 • S) to study the interannual variability in the mesosphere (∼ 78
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to 100 km). They detected an MQBO of winds with a period of 27.5 months in their observations. Furthermore, they found that the phase of the zonal wind SQBO at 30 km and the phase of zonal wind MQBO are anti-correlated, that is the MQBO is out-of-phase with the SQBO. This corresponds to a phase difference of about 180
• : if, for example, the SQBO is in its easterly phase, the MQBO is in its westerly phase. This anti-phase relationship between zonal wind SQBO and MQBO is qualitatively in good agreement with the anti-phase relationship between the SQBO and MQBO in GWSTA and absolute GWMF found in 20 our study: The phase of SQBO is around month 9 to 13 while the phase of MQBO is around month 22 to 25 of the second wintertime/spring.
The SQBO-MQBO related variation of GWs in the equatorial region is further investigated in Fig. 8 . Figure 8 shows time series of equatorial GWSTA (Fig. 8a ) and absolute GWMF (Fig. 8b) at 80 km and 35 km altitude, respectively. Shown are the averages for the individual months as well as a 13 months running mean, which highlight the QBO signal. In the equatorial 25 stratosphere, we find clear indication of enhanced GWSTA and absolute GWMF in the years 2003, 2005, 2007, 2009, and 2011, which coincides with the easterly phase of the QBO winds in the middle stratosphere (see also Fig. 4 in Ern et al. (2014)).
Comparing the 13 months running mean for 80 km (red lines) with the corresponding 13 months running mean for 35 km altitude (green lines), we clearly find an anti-correlation between the MQBO and the SQBO: when GW activity is high in the stratosphere, this corresponds to low GW activity in the mesosphere, and vice versa. This anti-correlation of GW activity is 30 consistent with the out-of-phase relationship of QBO winds in stratosphere and mesosphere as found by de Wit et al. (2013) .
This suggests that the modulation of GWs by the MQBO winds can account for the MQBO in GW activity, and the MQBO may be coupled to the SQBO. Please note that in the paper by Krebsbach and Preusse (2007) no obvious MQBO signal is found.
One possible reason could be that the study of Krebsbach and Preusse (2007) was based on only 4 years of data (January 2002 to January 2006), which may be not sufficient to accurately detect a signal with a period of about 26-28 months.
How much of the variance is described by the main components?
In the previous four subsections, we focused on discussing the structure of the amplitude and phase of the four strongest spectral components. The question remains, whether these four selected periods well describe the total variance in the data. In order to address this question, we compare in Fig. 9 the total variance with the variance by the reconstruction from the four leading periods. The full variance calculated from the analyzed time series of monthly mean GWSTA and GWMF data from 5 SABER are shown in Fig. 9a and 9b . From the spectral amplitudes and phases of the four leading periods (TAV, SAV, AV and QBO) we reconstruct these time series and calculate the variance based on only these four components ( Fig. 9c and 9d ).
Finally, we normalize the variance due to the leading spectral components by the total variance and show the ratio in Fig. 9e and 9f. These two panels hence indicate, how much of the total variance is described by the four leading components, ranging from 0 (completely undescribed) to 1 (all variance described by the four leading components). due to the QBO is not sufficiently regular to be completely described by a constant period of 26 months. This is consistent with previous investigations of a varying QBO period (e.g. Salby and Callaghan, 2000) . A higher degree of described variance may be reached by EOF methods, however, which are more difficult to interpret (Dunkerton, 2000 (Dunkerton, , 2017 . Furthermore, described
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variance in the mid-latitude upper stratosphere is higher in the southern than in the northern hemisphere. Several effects may play a role. First, planetary wave activity is much higher in the northern than in the southern hemisphere. This results in higher variability in GW filtering. Likely more important for our time series of monthly zonal means is that this higher planetary wave activity also frequently induces sudden stratospheric warmings, which terminate the northern winter vortex at different times, but do not occur on the southern hemisphere (with the exception of the split-vortex event in 2002). 
Gravity wave variations potentially related to the 11-year solar cycle
The SABER data set is now over 13 years long, and measurements are still ongoing. Therefore, this data set offers the opportunity to investigate decadal variations of GW parameters in the middle atmosphere, such as the 11-year solar cycle. This multi-year variation is highlighted in Fig. 10 by displaying a 25-month running mean of GWSTA and absolute GWMF averaged over the latitude band 25
• S to 25
• N (blue curves). In Fig. 10 , a relatively weak oscillation with a period of around 10 to 11 25 years can be identified. This variation is likely related to the 11-year solar cycle or another decadal variation of the whole earth system. The first "valley" of values that are below the median value of the time series (blue horizontal line in Fig. 10 
In Equation ( Indices of * = T AV, SAV, AV, QBO denote the corresponding periods.
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By using the approach of Eq. (3), the amplitudes of each of the four dominant periods of GWSTA and absolute GWMF can be determined in the whole SABER latitude range, including high-latitudes poleward of 55
• (see Fig. 11 ). The patterns of the fit results are in good agreement with the FFT results in the latitude band from 50 • S to 50
• N that were previously shown (cf. Figs. 2, 3 , 5, and 7). Furthermore, the patterns at high-latitudes (50 • to 80
• for both hemisphere) are consistent continues extensions to the range of 50 • S to 50
• N, which is covered continuously by SABER data.
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Many dominant features that were already discussed in Sect. 3 are visible in Fig. 11 . For example, the MSAO and MQBO signals of absolute GWMF in the equatorial mesosphere are found in Fig. 11f and 11h . In addition, the spread of gravity wave activity by poleward propagation at increasing altitude can now be followed to 70
• latitude and 90 km. It is visible in the AV (Fig. 11g ) and particularly well pronounced in the SAV and TAV. This also raises confidence in the enhanced values of absolute GWMF in the summer hemisphere poleward of about 60
• latitude, between about 80 km and 90 km. However,
5
the cold summer mesopause is particularly difficult for temperature retrievals, and a larger contribution (enhancement of the maximum) due to noise is expected (Ern et al., 2011 (Ern et al., , 2018 .
Summary and conclusion
In this paper we spectrally analyze time series of the square root of GW square temperature amplitudes (GWSTA) and, for the first time, absolute values of GW momentum flux (GWMF) in order to identify the systematic inter-annual, annual, and 
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Four main modes of temporal variability are identified: annual variation (AV), semiannual variation (SAV), terannual variation (TAV), and quasi-biennial oscillation (QBO). In addition, we find indications for a decadal variation that might be related to the 11-year solar cycle. The main results and mechanisms causing the variations are discussed in the paper and are summarized in Fig. 12 .
For the annual variation, the most obvious variation of GWSTA and absolute GWMF occurs at mid-to high-latitudes.
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Reason is a maximum of GWSTA and absolute GWMF that is related to the polar vortex in the respective winter hemisphere.
This annual variation is stronger in the southern hemisphere than in the northern hemisphere. Compared with high-latitudes, a weaker annual variation is located in the subtropics, related to a local maximum of GW activity caused by convective sources in the summer hemispheres. These GWs from the subtropics can undergo large poleward latitude shifts while the GWs propagate upward. Hence, the subtropical maximum of absolute GWMF obliquely shifts poleward with increasing altitude. The oblique 25 propagation is likely an important factor for mesosphere dynamics: GWs taking this pathway circumvent the critical level filtering between tropospheric westerlies and stratospheric easterlies in the summer mid and high latitudes. They have the potential to be a major factor in the wind reversal in the upper mesosphere. This is supported by the fact that at the height of the wind reversal, a phase reversal from lower-altitude winter maximum to higher-altitude summer maximum occurs.
For the semi-annual variation (SAV), the most prominent variation of GWSTA is located between 60 and 90 km altitude
30
at mid-to high-latitudes in both hemispheres. The maxima of GWSTA occur in summer and in winter. The spectral feature occurs in a region into which in winter GWs propagate upward in the favorable winds of the polar vortex (indicated by blue in Fig. 12a and 12b ) and into which in summer GWs propagate obliquely from the subtropics (indicated by red). Thus a winter maximum of westward propagating GWs and a summer maximum of eastward propagating GWs overlap in this altitude and latitude region. As the waves propagate westward in winter and eastward in summer, this forms an annual variation of net GWMF, but shows up as an SAV in the absolute values of GWMF accessible from the observations.
Another noteworthy feature is an enhancement of SAV spectral amplitudes of GWSTA and absolute GWMF in the equatorial MLT region (see Fig. 12c ). This variation is related to convective GWs and their selective filtering and dissipation in the 5 stratosphere caused by the SAO in tropical winds (Ern et al., 2015) .
The terannual variation (TAV) is rarely mentioned in previous studies; the only publications known to the authors are Krebsbach and Preusse (2007) and Shuai et al. (2014) . Our study reveals that the TAV is not an independent mechanism, but is likely due to the pulse-like occurrence of the subtropical convective GW sources. Since in these region a four-month long "active" phase of strong convection is followed by an eight month long relatively "calm" phase, spectral analysis finds enhanced har-10 monics of the annual cycle, in particular a strong TAV component. The TAV therefore emphasizes the convective sources with respect to broader maxima e.g. in the winter vortex. The occurrence of a TAV therefore highlights the poleward propagation of convective GWs from the subtropics up to 70
• latitude around 90 km carrying large amounts of GWMF.
The QBO of GWSTA and absolute GWMF occurs in the middle stratosphere (30 to 45 km) at low latitudes (10
Maxima of GW activity are found in the years 2003, 2005, 2007, 2009, etc. , which is closely linked to the easterly phase of QBO
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winds. The QBO signals are also found to extend toward mid-latitudes around 50
• in the stratosphere of both hemispheres.
Furthermore, a peak of enhanced QBO spectral amplitudes is found in the equatorial mesopause region. Detailed analysis indicates that the QBO in the low latitude mesosphere ("MQBO") is coupled with the QBO in the stratosphere ("SQBO"):
when GW activity in the stratosphere is strong, GW activity in the mesosphere is weak and vice versa. This means that there is an anti-correlation between the MQBO and the SQBO, similar as for the MQBO and SQBO of the zonal wind.
20
The systematic spectral analysis of SABER GWSTA and GWMF reveals interesting features caused by filtering and oblique propagation. It hence can be used as a stringent constraint how well such processes are reproduced by global models.
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